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Abstract

‘J ‘his paper describes a major breakthrough in cnergy technology developed at the Jet
Propulsion Laboratory that can be used in a wide variety of portable, remotec and transportation
applications without polluting the cnvironment. The status, performance, and design
considerations of the JPL. non-pol luting, 1 Jirect Methanol, Fuel Cell system for consumer
cquipment and transportation applications arc reported herein.  ‘I”his new fuel cell technology
utilizes the direet oxidation of a =0 agueous liquid methanol solution as the fuel and air (0,) as
the oxidant. The only products arc CO, and water. Therefore, because recharging can be
accomplished by refueling with methanol, vehicles cancenjo y unlimit cd range and extended usc
compared 1o battery operated devices requiring, recharge time and power accessibility.

INTRODUCTION

Scveral types of fuel cells that operate under near ambicent conditions arc currently under
development.] ] ydrogen/ air fucl cells that utilize a1’ 1 {M (Proton ] ixchange Membrane) as the
clectrolyte or phosphoric acid liquid-clectrolyte type arc presently being implemented in
transportation applications, c.g., for buses. Although the PI‘M solid polymer electrol ytc fucl
cellsoffer reduced mass, volume and enhanced simplicity, the usc of 112 as a fuel presents some
practical problems, such as safety and storage system weight and volume especialy for consumer
and transportation appli cat ions.

Mecthanol is an attractive alternative to ] 1, in view of its higher energy density (2 x), low cost,
case of handling and storage, and capability for distribution, Indircct methanol fuel cells using
reformers to convert methanol to 112 add complexity and cost as well as having potential for
undesirable pollutants such as carbon monoxide.

‘This paper describes the capability of the Direct Methanol, Liquid-Feed Fuel Cell with P1i:M
(DMIY1FC/PYM) which allows the direct use of a agueous, low concentration, liquid methanol
solution as the fucl without complex on-board fucl reforming. Air (0O,) is the oxidant. The
mcthanol and water react directly in the anode chamber of the fuel ccl] to produce carbon dioxide
and protons that permeate the P1M and react with the oxygen at the cathode, The reactions arc
as follows:

Anode Ch,o1n - - 11,0 - CO, 461" + 6C (1)

Cathode 32 0,4 6 4 6 >  31L0 2

Net Reaction (~1130;1 - 3/2 0, 5 0,4 2,1120 (3)




The theoretical energy ca Eﬁbility of methanol as given in the above reactions is 161 ampere
hours for every 32 g (-40 cm-) of methanol. The present performance is 35% of this or 1.4 kW-
hr per liter of methanol.

in the present concept, mecthanol is stored in the fucl tank similar to gasoline. It then flows
into amixing tank to achicve a concentration of s-,0 mecthanol (97°/0 water). The mixt ure then is
pumped into the anode chamber. the unused mcthanoland water returns to the mixing tank.
Water is consumed in the reaction al the anode and produced at the cathode and thus permitting a
closed system. Theonly product other than water is non-polluting CO,. The amount of CO,
released would be Icss than that from today’s internal combustion engines (ICl:s) because of
improved cfficiency of the fuel ccl] system. An important advantage of this technology is that
refueling can be performed in a manner similar to present gasoline refueling. ‘1'bus, with the
projection of the infrastructure similar to gasoline, this technology is potentially the most
practical energy source for awide variety of transportation, and consumer applications.

CLLL, DESCRIPTION

A schematic diagram of a DMLIFFC/P1:M is shown in FIGURE 1. The existing ccl] employs
a fine layer of platinum-ruthenium (Pt/Ru) as the anode catalyst, platinum black (I't) as the
cathode catalyst, and a polymer membrane (presently Nafion117) as the solid polymer (P1:M)
clectrolyte.  Presently 3% aqueous solution of methanol is being used as the fuel (1 ligher
concentrations of mcthanol arc projected to give higher performance but are presently limited by
the Nafion membrane which allows mecthanol to flow across to the cathode and thus inefficiently
react 1o produce water and CO,.) The 1'1 :Memployed in the DMIFFC/PEM separates the
anode (ncgative) and cathode (positive) chambers. The thickness of the P1:M ccl] is on the order
of 0.020” with the clectrodes and separator of equal thickness.
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FIGURE T, Schematic of the 1)irect Mcthanol, Liquid-Feed Fuel Cell.

‘The agueous solution of methanol is fed into the fucl chamber (anode) and air circulated with
a fan or under slight pressures into the cathode chamber. The air pressure selected, from ambient
fan circulated air to 20 psia, depends on the application. 'The water produced at the cathode can
be circulated back to the methanol/water reservoir or released as a vapor or liquid. The unused




methanol/wafer solution is also circulated back to the reservoir where it isinjected with methanol
to maintain concentration. The CO, product is rcleased as a gas.

TECHNOLOGY-ALDVANTAGES

The 1IMLEFC/PEM design, which uscs a n~clhanol/water in liquid form, offers numerous
system level advantages over the 11, gas-feed or methanol reformer designs. These advantages
include: (a) elimination of a fuel vaporizer and its associated heat source and controls, (b)
elimination of complex humidification and thermal management, (c¢) use of the liquid
methanol/water in the dual purposc of afuecland an efficient stack coolant, and (d) significantly
lower system size, weight, complexity, and (C) operate at a tempcerature below the boiling point
of water. Also, the solid-state P1:M ccl] design docs not suffer from the disadvantages of the
phosphoric acid liquid -electrol ytc cell design which is also complex, voluminous, and massive.
‘1'he uscof 1'1:M eiminates the problem of troublesome shunt currents.

PRESENT PERFORMANCI:

Single-cc]l and five-ccl] stacks of 5.1 cmx 5.1 cm (26 cm’) and 10.2 cm x 15.2 cm (1 55 cm?)
clectrode area have been operated continuously for 200 hours at 363K and intermittently by our
associates at Giner Inc. for 2000 hours at 333K without noticeable degradation. The output
depends on temperature and the cells have been operated over a tempcerature range from 283K to
363K. ‘1 he advances in performance since the discovery of the technology at .11'1. in 1991 arc
shown in FIGURL; 2, At the hi gher temperature, a 155 cm’ exhibits 0.5 V at a continuous |oad
of 48 Amps using z/0 methanol and 20 psig air. A peak power of 39 W is achicved at 96
Amps. At333K, a five cell155 cm’ electrode stack exhibited 2.3V at 23 A. With regard to
response, the voltage immediat €1y responds to changes in load.
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FIGURI: 2. Advancements in Performance
SYSTEM 1SSUES

A basic. schematic of the fucl cell system is givenin FIGURI: 3 which operates as described
above. It provides an example of aDMILYIC /PIIM stack integrated into a system. An overall




systems study for applications from 5 W 1o 5 kW has shown that with the auxiliary equipment
required to maintain the controls in an integrated DMLYFC/PEM system is viable. Scveral
factors have 10 be considered in designing a DMILEFFC/PI (M system for an application. The four
subsystems including; the, Methanol/Water Yeced, Thermaland Water Management, and
1 ilectronics and Controls.
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FIGURE 3, Schematic of a1 >)MI.11'C/PEM System

Cell and Stack Subsystem

The application will dictate the voltage, current and peak power requirements. The voltage
required dcpends on the number of cells in series comprising the stack. The electrode area
determines the current capability.  The appropriate combination of voltage and current can either
be supplied to the buss directly or can go provide input into a voltage converter. Keep in mind
that onc of the advantages of this system is that small increases in clectrode area can increasc
current capability substantially while voltage is a function of the number of cells. Both arc
affected by temperature, rate of reaction, quantity and rate of oxidant, and concentration and rate
Of fuclflow. Thus abalance has to bc achicved for each application.

Onc of the key features affecting stack design is the bipolar plate (biplatc) which plays three
roles: it provides the clectronic conduction from one ccl 1 to the other avoiding cell interconnects,
it provides a flow-ficld for the fucl mixturc and air 1o flow through manifolds to the appropriate
clectrode surface, and transmits the force from the endplates to the electrodes to maintain
conductivity.

Mcthanol/Water/Q), F'eed Subsystem

This subsystem provides the mechanism for mixing, maintaining and feeding the aqueous
methanol to the anode chamber. Thiscan bc done by controlling the concentration of the
mcthanol in the mixing chamber by a methanol sensor designed for that purpose. A small pump
or pressure device isused to move the agueous fuc] into the anode manifold in the stack at a
constant pressure and flow rate. The unused methanol and water returning to the chamber also
contains CO, from the anode reaction. Becausc the CO,isin the form of a gas it is separated




from the liquid and released from the mixing, chamber. Although there is a potential for droplcts
of methanol to accompany the gas rcleasc. a filter will be employedto prevent this from dto
react with the protons diffusing through the P1:M. ‘1 he system provides maximum power with
0,, however, adcquate power is provided using air (F1 GURIS 4). Again, although pressurized air
is desired 1o maximize O, to the cathode, the system can provide adequate power for some
applications by using asimple fan to provide air flow through the flow-field and across the
cathodc surface.  Becausce there is no li qid clectrolyte, the cathode can be exposed to outside
air. The power density of 230 mW/cm at 600 mA/em? (equivalent to 100 A onal S5 crn’
clectrode) using air is compared to 0,as the oxidant in shown in¥igure 5.
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FIGURE 5. Performance of Air and oxygen

‘Lhermal And Water Management Subsystem

Water isusedin the reaction with methanol at the anode. 1lowever, as given in the reactions
1-3 above, three times as much water is produced as reacted. Water also enters the cathode
chamber from two other sources; a) water dragged through the P1{M along with the protons, and
b) water produced in tbc cathode chamber by the reaction of methanol that aso is dragged



through the membrane into the cathode side. The latter product is the same as that produced
clectrochemically, i.e.,, CO, and water, however, this is an inefficient reaction from an energy
point of view because no electrons arc gencrated.

The water recovery and temperature of operat ion is used for balancing the amount of water
returning to the mixing chamber, that which is vaporized and that which is released as a liquid.
J'or example, in a transportation application water would be circulated through a radiator of the
type presently in usc in vehicles to maintain the constant operating temperature. Coincidentally,
it is the same temperature (~373K) that is used in vehicle radiators today.  inthe case of alawn
mowci application the water could be used to water the lawn as it is mowed. 1 n a marine
application the water in pure form from the cathode chamber could be stored for drinking or
cooking. T ‘hc rate and temperature at which the water is produced determines the state of the
effluent and therefore the temperat ure of operat ion. ‘1 'he effect of temperature on performance is
givenin Yigurc 6 for air and oxygen for afive cellstack . Note that although the performance is
lower, operating at alower current will result in the same voltage output. This is the case for the
two military applications described below.
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FIGURI 6. Performance of a5 ccl] stack at 333K and 363K

Plectronics and Controls Subsystem

Controls arc needed for pumping fuel and air into the appropriatc manifolds. Selection of
these is dependent on the application. Sensors arce required to monitor and control methanol
concentration and temperature. A converter may be required to boost the voltage of a stack to
the operating voltage. FFor example, a 110 V systemusing only fuel cells would require a 220
cell stack. The fuel and oxidant flow as well as cent inuit y of the stack can be complex. As an
alternative, a smaller stack of 50 cells producing 25V can be boosted to 11 OV with a loss in
efficiency of about 10%. '1'hc electrode area would have to beincrcased to account for the
additional current and inefficiency. 1 lowever, with 0.3 Alem’ the increase in area would be
reasonable.




PRESENT APPLICATIONS

Under the JP1. ' 1’ ethnology Affiliates Program, the DMLIEFC/PEM technology developed at
JPL. has been transferred to DT1Energy, a private California company interested in the mass-
scale manufacturing of fuel cells, 111 has been funding the DMI.FFC/PEM development effort
for transportation, stationary power and commercial applications.

In the DARPA program at JP1,, Giner,and USC arc involved in the developmentof an
advanced lightweight DMILITC/PEM system to replace the BA 5590 primary lithium battery
used in defense communication equipment.  This has the advantage of significantly reduced
logistical issues as well aslonger operational life without disassembly. A SOW fuclcell system
including ancillaries will replace the 12.7 cm x 10.2 cm x 6.4 cm battery pack presently in usc
and allow the soldier to recharge his fuel cc]] power pack inthe field (FIGURE 7). his system is
being designed for 333K operation and the usc of flowing air.

In a program for the U.S. Army, a small 4W fuel cell/ battery system for field usc. This
applicat ion is also to replace batteries where 6 months of ficld storage is required whi lec
communications arc ongoing. A reservoir will be provided to store the mcthanol. in addition, a
lithium-ion battcry wil 1 be provided to provide the peak power and thus minimize fuel cell stack
size (FIGURI: 8). This system is being designed for 293K operation.,
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FIGURE 8. BAS590 with a DMI IFC/PEM Replacement

In a design provided by GinerInc. asmall vehicle requiring 5 kW of power could be
provided with a DMI.FFC/PEM system wherein the fuel ccl] stack is projected to be
approximately 28 liters. The ancillaries associated with the operating system would add 25% to
the package. 'I'he projected characteristics of a5 k W stack that would go into a light-weight
vchicle-1 ype using state-of-art materials arc shownin TABLI:1.  Preliminary analysis of stack
system shows that a minimum cell voltage of 0.55V and current density of 300mA/cm’ with a




crossover loss of 10°/0 is required 1o achieve >300 W/kG and 300 W/I for a 500 W stack. This
design point appears feasible based on performance achicved to date and the advanced development
tasks planned for this program. The data shown in TABL.L 1were developed for a5 kW DMILIFC
/ PEM with 91 cells of active area 316 cm’/ccl].

PROJECTED PERFORMANCE

‘1 he present electrochemical efficiency (product of voltage efficiency and fucl efficiency) of
the laboratory cells is about 35% when air is used as the oxidant, i.e., the voltage of 0,5 V
together with the mcthanol crossover accounting for 20% of the current. ]t is expected that with
ancw membrane that restricts methanol crossover, higher methanol concentration, and improved
clectrode designs and catalysts, higher voltage and current, efficiencies approaching 50°/0 levels
arc achicvable, i.e., with 0.6V/ ccl] and <10°/0 crossover. USC has reported that a membrane is
available that restricts methanol crossover to 5%.

Finally, It is projected that the cost can also be reduced with the ncw low cost membranes,
lower platinum loading and low cost biplates all of which arc under development. Further, since
Platinum is recoverable, a system for trading in older fuel ccl] stacks is also possible thus
lowering the cost.

‘I"All] K 1: Projected [characteristics of Proposed SkW Stack

GIVEN
System Output power (kw) 5
System Output Voltage (V) 50
Overall Thermal Efficiency (Fraction) 04
Cell Current Density (mAJcm?) 300
Minimum Single Cell Voltage, (V) 0.55
Single Cell Active Area (cm?) 316
Crossover (1 0%) Current Density (ma/cm?) 30
Methanol/O ,Reaction (V) . 1.25
RESULTS _
No. of Cells in Electric Series 91
System Weight (kg) 14.7
System Volume, (Liters) 145
Length of Stack (cm) 38
Height of Stack, (cm) 19
Width of Stack, (cm) 19
Power Density (W/Liter) 344
Specific Power (W/kG) 365

Significant performance has been demonstrated by a non-polluting, casily refuclable Direct
Methanol, l.iquid-Feed Fucl Cell with PEM that has application in a number of military,
commercial and vchicular applications.  Systems modcls have shown the capability for meeting

applications from 4 W to 5 kW and beyond, The present stack performance efficiency of 35%
has been demonstrated with 50% realistically projected.
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